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Microbes play an important role in the pathogenesis
of nutritional disorders such as protein-specific
malnutrition. However, the precise contribution of
microbes to host energy balance during undernu-
trition is unclear. Here, we show that Issatchenkia
orientalis, a fungal microbe isolated from field-
caught Drosophila melanogaster, promotes amino
acid harvest to rescue the lifespan of undernour-
ished flies. Using radioisotope-labeled dietary com-
ponents (amino acids, nucleotides, and sucrose) to
quantify nutrient transfer from food to microbe to
fly, we demonstrate that I. orientalis extracts amino
acids directly from nutrient-poor diets and increases
protein flux to the fly. This microbial association re-
stores body mass, protein, glycerol, and ATP levels
and phenocopies the metabolic profile of adequately
fed flies. Our study uncovers amino acid harvest as a
fundamental mechanism linking microbial and host
metabolism, and highlights Drosophila as a plat-
form for quantitative studies of host-microbe rela-
tionships.INTRODUCTION
Recent studies have emphasized the importance of gut mi-
crobes in the regulation of energy balance and the develop-
ment of metabolic disease (Cho and Blaser, 2012; Cox and
Blaser, 2013; Krajmalnik-Brown et al., 2012; Smith et al.,
2013; Subramanian et al., 2014). However, our understanding
of the mechanisms shaping these metabolic interactions re-
mains incomplete. Relationships between host and microbes
may have evolved to harvest energy from the diet and improve
fitness during food shortage (Ley et al., 2008; Wichmann et al.,
2013). Microbial energy extraction is evident from studies
showing that axenic rodents have lower levels of intestinal
short-chain fatty acids, reduced adiposity, and greater excre-
tion of calories (Flint et al., 2012; Turnbaugh et al., 2006). None-
theless, studies defining how microbes facilitate nutrient assim-
ilation and affect host metabolism are likely hindered by the
complex functional interactions between microbes and host—
particularly in mammals.CeDietary changes can have major effects on microbial compo-
sition, energy harvest, and host health (David et al., 2014). Spe-
cifically, hypercaloric or high-fat diets can select for microbes
that exacerbate obesity (Jumpertz et al., 2011; Turnbaugh
et al., 2009). Similarly, protein-deficient diets also shape the mi-
crobial community and contribute to a severe form of protein-
specific undernutrition, kwashiorkor (Smith et al., 2013). While
dietary interventions may be the most feasible method to rees-
tablish host metabolic homeostasis, existing nutritional thera-
pies have not considered variations in microbial metabolism
and have not been successful as long-term treatments (Smith
et al., 2013). A better understanding of microbial metabolism,
and the nutrient flux between microbes and host, is key to devel-
oping probiotic interventions that persistently alleviate nutritional
imbalances.
The Drosophila system offers a simplified model for defining
the mechanisms underlying symbiotic host-microbe interactions
(Bakula, 1969; Broderick and Lemaitre, 2012; Brummel et al.,
2004; Chandler et al., 2011; Douglas, 2011; Erkosar et al.,
2013). In both humans and flies, bacterial communities shift
with changes in host nutrition (Chandler et al., 2011; David
et al., 2014) and age (Claesson et al., 2011; Wong et al., 2011).
Using Drosophila, we have developed a quantitative assay to
show how microbes mediate amino acid flux from diet to host.
Our findings highlight the utility of this simplified model system
for characterizing the role of microbes in affecting host meta-
bolism, using experimental designs that are difficult to imple-
ment in mammals.RESULTS
Microbial Association Extends Lifespan during
Undernutrition
Feeding flies diets that are low in yeast can model protein-spe-
cific undernutrition and severely shorten lifespan (Bruce et al.,
2013; Ja et al., 2009; Katewa et al., 2012; Zid et al., 2009). In
this study, we asked whether microbial association could rescue
the effect of protein deficiency. Since Drosophila may have
adapted to nutrient shortage in the wild, we sought to acquire
microbes naturally associated with flies and hence more likely
to complement fly fitness. We established isofemale lines from
field-caught Drosophila melanogaster. Bacterial and fungal spe-
cies were identified by ribosomal RNA gene sequencing of
distinct colonies cultured from fly homogenates. We identi-
fied Issatchenkia orientalis (yeast) and Lactobacillus plantarumll Reports 10, 865–872, February 17, 2015 ª2015 The Authors 865
Figure 1. I. orientalis Extends Fly Lifespan on Undernutrition Diet
(A) Survival of axenic or I. orientalis-associated monoxenic flies on 0.1% yeast
extract (YE) diet. I. orientalis association increases survival compared with the
axenic control (p < 1010, log rank test).
(B) Survival on 0.5% YE diet. Survival curves of I. orientalis-associated and
axenic flies do not differ (p > 0.090, log rank test). Monoxenic flies were
inoculated once as adults with I. orientalis. N = 59–61 flies for each condition.
See also Figure S1.(bacteria) as the predominant microbes from field-caught flies. In
agreement with previous findings (Chandler et al., 2011), we also
identified many bacterial strains of the Acetobacter genus and
used Acetobacter indonesiensis as a representative strain in
this study. Similarly, Saccharomyces cerevisiae was selected
as a conventional yeast associated with laboratory flies.
To determine microbe-specific effects on fly physiology and
lifespan, axenic (germ-free) animals were inoculated with a sin-
gle dose of livemicrobes to producemonoxenic flies (associated
with a singlemicrobial species). On a protein-deficient diet (0.1%
yeast extract, YE), I. orientalis association extended median life-
span by 148% over the axenic control (p = 3.23 1013, Fisher’s
exact test, Figure 1A). In contrast, fly lifespan was unaffected by
I. orientalis association on 0.5% YE food (Figure 1B), suggesting
that at an optimal dietary yeast concentration, I. orientalis has no
additive effect on lifespan. S. cerevisiae and A. indonesiensis
association also extended median lifespan (67% and 114%,
respectively) over the axenic control (p < 5.4 3 1013, Fisher’s
exact test, Figure S1A), but to a lesser extent than I. orientalis.
The change in median lifespan was even less with L. plantarum
association (33%, p = 0.0040, Fisher’s exact test, Figure S1A).
Since I. orientalis consistently showed the greatest benefit to
fly lifespan in other independent trials (Figure S1B), we focused
on I. orientalis for subsequent studies.
We next asked whether lifelong I. orientalis association is
necessary to extend fly lifespan. We manipulated I. orientalis
growth using methylparaben, a commonly used food preserva-
tive (Ashburner et al., 2005). Methylparaben effectively elimi-
nated I. orientalis in the fly environment (Figure S1C) and also
abolished lifespan extension in flies fed 0.1% YE food (Fig-
ure S1D). Neither methylparaben nor I. orientalis affected fly
lifespan on 0.5% YE food (Figures 1B and S1E). Hence, a persis-
tent microbial presence is likely needed to rescue longevity
during undernutrition.
Since a single inoculation with live I. orientalis is sufficient to
rescue lifespan, we hypothesized that, once inoculated, the fly
host can maintain an adequate supply of I. orientalis within the866 Cell Reports 10, 865–872, February 17, 2015 ª2015 The Authorsnutritional environment to benefit health throughout life. To sup-
port this idea, we measured I. orientalis populations at two time
points during a fly lifespan trial. Microbial load in whole fly ho-
mogenates is maintained at both ages (Figure S1F). No differ-
ence in microbe count was observed between whole fly and
dissected gut (Figure S1G), suggesting that the majority of fly-
associated I. orientalis resides within the digestive tract. Interest-
ingly, counts of I. orientalis in the environment were consistently
higher than microbe numbers from fly homogenates (cf. Figures
S1F and S1H). Since flies are transferred to axenicmedium every
few days during lifespan trials, our results suggest that flies inoc-
ulate their food with live I. orientalis upon each passage. Indeed,
fly-free microbial growth confirmed that I. orientalis can grow
independently on the medium (Figure S1I). Importantly, daily
transfer of flies to fresh axenic medium leads to loss of fly-asso-
ciated I. orientalis (Figure S1J). Collectively, our findings suggest
that maintenance of I. orientalis is a synergistic process requiring
live microbes to be passaged using the fly host as a vector, and
microbial growth in the environment constantly resupplies the
transiently colonized I. orientalis in the fly gut. These results are
consistent with previous studies reporting that husbandry prac-
tices are key to shaping the adult fly microbiota (Blum et al.,
2013; Broderick et al., 2014).
I. orientalis Harvests Dietary Amino Acids and Enhances
Protein Flux to the Fly
The influence of I. orientalis and higher YE diets is not additive
(Figures 1A and 1B), suggesting that I. orientalis and YE function
identically to rescue undernutrition through nutrient provision.
We hypothesized that I. orientalis directly harvests protein from
the diet for the fly host. In mammals, microbial energy harvest
has been indirectly examined through either metabolic markers,
such as short-chain fatty acids, or caloric excretion (Turnbaugh
et al., 2006). To directly determine the flux of other nutrients,
we monitored the transfer of radioisotope-labeled dietary com-
ponents (amino acids, nucleotides, and sucrose) from food to
microbe to fly (Figure 2A) (Deshpande et al., 2014).
I. orientalis was inoculated onto 0.1% YE food supplemented
with [35S]-methionine, [14C]-leucine, [14C]-sucrose, or [a-32P]-
dCTP. We then measured radiolabel accumulation in flies that
were fed axenic ormicrobe-inoculated food for 24 hr. In the pres-
ence of I. orientalis, flies accumulated over 20-fold more [35S]-
methionine and [14C]-leucine compared with axenic controls
(Figure 2B). To ensure that radioisotope accumulation is re-
presentative of nutrient assimilation rather than a measure of
undigested radiolabeled microbes in the fly gut, the complete
digestive tract was dissected. Dissected guts contained only
10% of consumed [35S]-methionine, while the remaining fly
carcass contained 90%, suggesting that consumed amino
acids are incorporated into the fly body (Figure 2C). Hence,
I. orientalis association increases accumulation of diet-derived
amino acids in fly tissues.
To determine whether I. orientalis increases the flux of amino
acids to the fly by directly harvesting them from the diet, mi-
crobes from spent vials were collected and radioactive tracers
weremeasured (Figure S2A). Consistent with fly radiolabel accu-
mulation, microbial suspensions contained more [35S]-methio-
nine and [14C]-leucine compared with axenic controls, while
Figure 2. I. orientalis Increases Amino Acid
Harvest in Drosophila
(A) Radioisotope-labeled feeding assay for
examining nutrient accumulation in the fly. Flies
feed for 24 hr on radiolabeled food that is pre-
inoculated with I. orientalis. Radioisotope abun-
dance in the fly is then measured to reveal the
effect of microbial association on nutrient accu-
mulation.
(B) Effect of I. orientalis association on fly
accumulation of radiolabeled nutrients on 0.1%
or 0.5% YE medium. Results (average ± SD)
are normalized to the axenic control (dashed
line) for each radioactive tracer. Significant
differences between each tracer and its axenic
control are shown (Mann-Whitney rank-sum
test: *p < 0.05). N = 4 vials of 10 flies for each
condition. Met = [35S]-methionine; Leu = [14C]-
leucine; dCTP = [a-32P]-dCTP; Suc = [14C]-
sucrose.
(C) Distribution of accumulated [35S]-methionine
in flies. After 24 hr feeding on [35S]-methionine-
labeled 0.1% YE medium that is pre-inoculated
with I. orientalis, the entire fly digestive tract
is dissected and 35S is quantitated from the gut and remaining fly carcass. Results (average ± SD) are shown as a percentage of [35S]-methionine
accumulation. Student’s t test: ***p < 0.001. N = 4 groups of 2 flies each. See also Figure S2.the increase in [14C]-sucrose and [a-32P]-dCTP levels was less
marked, demonstrating the efficient uptake of amino acids by
I. orientalis (Figure S2B). In contrast, S. cerevisiae did not accu-
mulate [35S]-methionine (0.92 ± 0.25 fold-change over axenic,
p = 0.56, Student’s t test). I. orientalis also accumulated [35S]-
methionine on 0.5% YE food, although the enrichment of amino
acid in bothmicrobe and flywas far less than on the 0.1%YE diet
(Figures 2B and S2B). Collectively, our findings suggest that
I. orientalis extracts and concentrates amino acids from food
substrates—perhaps more efficiently than other strains—under
low protein conditions. This leads to increased amino acid flux
to the fly upon consumption, which is critical in conditions where
protein is scarce.
To rule out the possibility that I. orientalis increases nutrient
accumulation by simply altering feeding behavior, we measured
total food intake using the radioisotope-labeling method (Desh-
pande et al., 2014). I. orientalis association had no effect on
feeding rate (Figure S2C).We alsomeasured total food intake us-
ing an independent assay that does not rely on medium labeling
to rule out caveats of label dynamics. The capillary feeder (CAFE)
assay allowed us to limit food surfaces available for microbial
growth and likely minimized fly consumption of live microbes
from the environment (Ja et al., 2007). Our results confirmed
that I. orientalis association had no effect on feeding rate (Fig-
ure S2D), supporting the idea that, under low protein conditions,
I. orientalis directly serves as a nutrient source.
Microbial Association during Undernutrition Rescues
Metabolism to Phenocopy Adequately Fed Flies
If I. orientalis serves as a nutrient source for undernourished flies,
we would expect host metabolic phenotypes to match that of
adequately fed animals. We measured a variety of metabolic pa-
rameters in axenic and I. orientalis-associated flies maintained
on 0.1% or 0.5% YE. Consistent with the minimal effect on life-Cespan, microbial association did not affect any physiological mea-
sures on the 0.5% YE diet (Figure S3). In contrast, I. orientalis
association with undernourished flies (0.1% YE) mimicked the
effect of increased dietary YE, represented by increased protein,
glycerol, and ATP and reduced glucose and triglyceride levels
(Figure S3). The effect of I. orientalis on metabolites is consistent
with a recent study showing that conventional microbe-associ-
ated flies have decreased glucose and triglyceride levels com-
pared with axenic flies (Newell and Douglas, 2014).
We next performed a principal component analysis (PCA) to
determine how flies in each condition cluster and are thus
most similar. PCA revealed that I. orientalis-associated flies on
the 0.1% YE diet are more closely related to flies on the 0.5%
YE diets, regardless of microbial association, than to axenic an-
imals on 0.1% YE food (Figure 3A). PC1 scores show a strong
negative correlation with median lifespan (Pearson’s r = 0.99,
p = 0.013). Accordingly, axenic flies on 0.1%YE diet show signif-
icantly higher PC1 scores comparedwith flies from the remaining
three conditions (Figure 3B). PC1 is negatively loaded with body
mass, protein, glycerol and ATP while positively loaded with
glucose and triglycerides (Figure 3A). Except for body mass,
which showed the expected trend but without statistical signifi-
cance, PC1 highlights the metabolic measurements that were
significantly different between axenic and I. orientalis-associated
flies maintained on 0.1% YE (Figure S3). These results show that
I. orientalis induces a change in fly physiology and metabolic
state that reproduces the effect of increased dietary YE.
Heat-Killed Microbes Can Extend Lifespan to the Same
Extent as Live Microbes
We next asked whether active I. orientalis is needed to rescue
fly lifespan during undernutrition. We supplemented fly food
with heat-killed I. orientalis either once in early adulthood or at
every food change throughout life. A single, relatively low dosell Reports 10, 865–872, February 17, 2015 ª2015 The Authors 867
Figure 3. Principal Component Analysis of Metabolic Parameters
from Axenic and I. orientalis-Associated Flies Maintained on 0.1%
YE and 0.5% YE Diets
(A) Plot of PC1 and PC2 scores, which account for 45% and 28% of the total
variance, respectively. The metabolic state of I. orientalis-associated flies on
0.1% YE medium more closely resembles that of animals on higher YE diet
(0.5% YE) than that of undernourished axenic flies. Loadings for PC1 and PC2,
respectively: body mass, 0.452 and 0.146; protein, 0.419 and 0.233;
glucose, 0.452 and 0.255; glycogen, 0.066 and 0.592; trehalose, 0.103 and
0.556; glycerol, 0.323 and 0.423; TAG, 0.274 and 0.145; ATP, 0.471 and
0.008.
(B) PC1 scores (average ±SD) from (A). Significant differences are shown (one-
way ANOVA followed by Tukey post-test for multiple comparisons: ***p <
0.001). N = 6 for each condition. Abbreviations: Ax, axenic; I. ori, I. orientalis.
See also Figure S3.of heat-killed I. orientalis did not affect longevity compared to the
axenic control, while a recurring supply of heat-killed I. orientalis
rescued lifespan partially (Figure 4A). Increasing the quantity of
heat-killed I. orientalis given to flies throughout life revealed a
dose-dependent rescue of lifespan that matched the longevity
observed following live I. orientalis inoculation (Figure 4A).
Changes in fly body mass, a measure of metabolic status,
were also consistent with the quantity of heat-killed I. orientalis
provided (Figure 4B). Interestingly, the dose of heat-killed
I. orientalis that resulted in maximum lifespan extension (3 3
107 CFU twice/week = 8.6 3 106 CFU/day) is nearly equivalent
to the number of live microbes found associated with flies (Fig-
ures S1C and S2C). The estimated protein content contributed
by this microbial biomass (4 mg/fly/day for 20 flies) is in strong
agreement with fly nutritional requirements quantitatively deter-
mined in our previous studies of optimal macronutrient ingestion
(Bruce et al., 2013). Although environmental I. orientalis counts
may not reflect the number of microbes ingested by flies, quan-
tification of live I. orientalis from our nutrient flux studies (Fig-
ure S2B) allowed us to calculate radiotracer accumulation per
yeast cell and determine that, over 24 hr, flies attained the
equivalent of 6.6 ± 0.40 or 3 ± 0.12 (3 106) CFU per fly from
the [35S]-methionine or [14C]-leucine experiments (Figure 2B),
respectively. Hence, direct measurements of I. orientalis accu-
mulation are consistent with the number of microbes available
in the fly environment (Figures S1C and S2C).
Supplementation of tryptone, representing a pure protein
source, showed the same effect on fly lifespan as YE or
I. orientalis (p > 0.39, log rank test, Figure S4A). These results
rule out the possibility that I. orientalis rescues undernutrition868 Cell Reports 10, 865–872, February 17, 2015 ª2015 The Authorsby providing other macro- or micronutrients such as vitamins
and sterols. Collectively, our results suggest that flies are able
to maintain a live population of I. orientalis in order to harvest
sufficient amino acids from the diet.
Although both live and heat-killed I. orientalis rescue under-
nourished fly lifespan (Figure 4A), we would expect live
I. orientalis to increase nutrient flux from the diet to the fly (since
these nutrients are required for microbe proliferation), but
heat-killed I. orientalis should have a negligible effect. Using ra-
diolabeled medium, we show that, while an active microbial
metabolism is necessary for increasing amino acid flux from
the diet, heat-killed I. orientalis fails to increase fly accumulation
of [35S]-methionine (Figure 4C). Taken together, our results sup-
port a model where specific microbes directly facilitate amino
acid uptake from the diet and act as a source of nutrition to
rescue nutritional imbalance in the fly, rather than enhance
host metabolism, stimulate indirect processes such as gut
transit time, or modify feeding behavior (Figure 4D). This is
consistent with previous studies suggesting that insects can
use microbes as a food source (Drew et al., 1983; Murphy
et al., 1994; Robacker, 2007), although to our knowledge, the
scavenging and concentration of protein by a symbiont from a
nutrient-poor diet has not previously been quantified.
DISCUSSION
There is currently a growing interest in understanding the mech-
anisms by which microbes may influence protein-specific
malnutrition. Recent studies have shown that protein-specific
severe acute malnutrition (SAM) is associated with microbial
dysbiosis (Smith et al., 2013). Existing interventions do not
consider differences in microbial metabolism and have limited
efficacy, highlighting the need to better understand the meta-
bolic interaction between host and microbes. Here, we reveal
thatmicrobe-mediated amino acid harvest from nutrient-poor di-
ets is a fundamental mechanism that synergizes microbial and
host metabolism. Our model suggests an alternative interpreta-
tion of previous studies of growth and development on low yeast
diets that propose the flymicrobiota acts genetically upstream of
the nutrient-sensing Tor and insulin signaling pathways, possibly
by contributing to protein processing and regulating branched-
chain amino acid levels in the hemolymph (Shin et al., 2011;
Storelli et al., 2011). Since increased amino acid supply would
upregulate the same nutrient-sensitive pathways, microbe-
mediated protein uptake rather than metabolic stimulation may
be the primary contributor of enhanced protein metabolism
and nutritional rescue. To differentiate between nutrient uptake
and processing, future studies of Drosophila-microbe interac-
tions should use quantitative assays to assess microbial number
and density, which may contribute greatly to fly nutrition. It is not
sufficient to rule out additional mechanisms by ignoring small
changes in microbe number, which can contribute greatly to
nutrient availability, or measuring microbial growth rate outside
the context of the fly environment (Shin et al., 2011; Storelli
et al., 2011).
Since amino acid harvest is a key mechanism underlying
microbial benefits during undernutrition, we postulate that
I. orientalis-fly association may be an adaptive mechanism to
Figure 4. Heat-Killed I. orientalis Extends
Lifespan on an Undernutrition Diet
(A) Survival of axenic or I. orientalis-associated flies
on 0.1%YE undernutrition diet. Livemicrobeswere
supplied once in early adulthood. The indicated
quantity of heat-killed (HK) microbes was provided
once in early adulthood (single dose) or at every
food change (twice/week) throughout life (recur-
ring). Microbial association (live or HK) extends
survival in all experiments compared to the axenic
control (p < 5 3 109 for all comparisons, log rank
test) except in the single dose trial (p = 0.134, log
rank test). N = 57–64 flies for each condition.
(B) Body mass increases with microbe supple-
mentation (average of three vials). Body mass of
axenic flies was significantly lower than that of
microbe-associated flies on days 20 and 27 (Krus-
kal-Wallis followed by Student-Newman-Keuls
post-test for multiple comparisons: *p < 0.05).
(C) Accumulation of [35S]-methionine (average ±
SD) in the presence of live or HK I. orientalis on
0.1% YE medium. While live and HK microbes
both extend fly lifespan, only live I. orientalis in-
creases accumulation of the diet-supplemented
radiolabel (Kruskal-Wallis followed by Tukey’s
post-test for multiple comparisons: *p < 0.05). N =
4 vials of 10 flies for each condition.
(D) Model of microbe-mediated amino acid har-
vest. I. orientalis increases amino acid/protein
flux, resulting in improved nutrition and longevity
in the fly host. The size of the arrows and radiation
symbols represent the amount of amino acid flux
and radiolabeled amino acid levels, respectively.
See also Figure S4.survive on a fruit-based low-protein diet in the natural environ-
ment (Figure S4B). Indeed, I. orientalis is commonly isolated
from field-caught D. melanogaster (Chandler et al., 2012), sug-
gesting that it is a natural fly symbiont. Although Drosophila-
yeast associations are common (Anagnostou et al., 2010;
Starmer and Fogleman, 1986), we note that I. orientalis benefits
flies while S. cerevisiae, another yeast commonly associated
with Drosophila, does not fully rescue the detrimental effects of
undernutrition. Overall, both yeast and bacteria broadly extend
fly lifespan during undernutrition (Figures S1A and S1B).Whether
differences in themagnitude of lifespan extension are dependent
on microbial growth rate, efficiency of amino acid accumulation,
or other mechanisms will require further study.
In response to environmental factors such as diet or antibiotic
treatment, most mammalian studies focus on how the micro-
biota composition changes, despite the clear indication that
microbe number is also drastically altered (David et al., 2014;
Dethlefsen and Relman, 2011). A recent study revealed that
host adiposity and immune function are similarly modulated by
an unexpectedly high number of bacterial strains (Faith et al.,
2014), suggesting common features of microbial metabolism,
rather than strain-specific effects, have the greatest impact on
host physiology. This is consistent with our work showing that,
in certain contexts, microbial quantity might override quality.
While I. orientalis has the greatest beneficial effect on fly lifespan
during undernutrition, any microbial growth likely increases
protein flux, and maximal benefits may be achieved if quantitiesCeare increased. This notion is consistent with a recent study of
Drosophila microbiota demonstrating that many bacterial spe-
cies can promote larval development and decrease adult triglyc-
eride levels. However, this study did not consider the importance
of microbial quantity in the context of different nutritional envi-
ronments (Chaston et al., 2014). Future studies that aim to
identify effector strains in any animal system should consider
both nutrient flux and microbial quantity as potentially critical
parameters.
Recent studies of human kwashiorkor—severe protein-spe-
cific malnutrition—have demonstrated the importance of altered
gut microbiota in dietary protein deficiency (Smith et al., 2013;
Subramanian et al., 2014), suggesting that microbe-mediated
amino acid harvest may be an effective intervention to treat
protein-specific undernutrition. Digestion of excessive microbial
biomass—either associated with food or in the gut itself—may
be a major contributor to mammalian nutrition (Kuhad et al.,
1997). Interestingly, I. orientalis, also known as Pichia kudriavze-
vii or Candida krusei (Chan et al., 2012), is commonly associated
with several food products, such as wine grapes (Chavan et al.,
2009), cheese (Prillinger et al., 1999), lafun (fermented cassava)
(Wilfrid Padonou et al., 2009), and fermented cocoa beans
used for chocolate production (Daniel et al., 2009). Food-associ-
ated microbes, both bacteria and fungi, are known to colonize
the human gut (David et al., 2014), but whether they are able to
harvest protein from nutrient-poor diets, similar to I. orientalis,
remains to be tested. New methodologies may be needed toll Reports 10, 865–872, February 17, 2015 ª2015 The Authors 869
quantify microbes in mammalian hosts, complementing the
typical characterization of microbiota composition.
Mammalian studies have often focused on the contribution of
secondary metabolites to host metabolism, thereby ignoring the
huge impact that microbes (and microbial quantity) can obvi-
ously play on primary metabolism. Our study begins to charac-
terize the specific dynamics of microbial protein metabolism as
amajor contributor to host nutrition and health.While clear differ-
ences may limit the efficacy of the Drosophila platform for direct
studies of human health, our findings highlight the utility of
the model for otherwise challenging quantitative studies that
complement analogous research in mammals. Further use of
this model may advance our understanding of the fundamental
mechanisms underlying microbial energy harvest and lead to
the development of long-term strategies that treat and prevent
malnutrition.
EXPERIMENTAL PROCEDURES
Fly Strains
Fly stocks weremaintained at 23Cunder a 12/12-hr light/dark cycle on a stan-
dard medium (1.5% dry active yeast, 5% sucrose, 5% cornmeal, and 1.5%
agar [all w/v], supplemented with 0.4% propionic acid and 0.035%phosphoric
acid [both v/v]). The Dahomey line was negative for Wolbachia, as confirmed
by PCR of the wsp gene using primers 81F and 691R (Braig et al., 1998).
Identification of Microbial Species
We established D. melanogaster isofemale lines from field-caught flies
collected using banana traps in Jupiter in 2009. Adult flies from the isofemale
lines were washed with 70% ethanol and sterile 1 3 PBS. Sterilized flies were
homogenized bymotorized pestle for 10 s in sterile 13 PBS. Fly homogenates
were plated on MRS agar and single colonies were isolated for colony PCR.
The bacterial 16S rRNA gene was amplified using the degenerate primers,
16SA1 (50-AGAGT TTGAT CMTGG CTCAG) and 16SB1 (50-TACGG YTACC
TTGTT ACGAC TT) (Fukatsu and Nikoh, 1998). The fungal 18S rRNA gene
was amplified with NS1 (50-GTAGT CATAT GCTTG TCTC) and NS2 (50-
GGCTG CTGGC ACCAG ACTTG C) or ITS1 (50-TCCGT AGGTG AACCT
GCGG-30 ) and ITS4 (50-TCCTCCGCTT ATTGA TATGC) (White et al., 1990). Af-
ter cloning and sequencing the PCR products, homologous sequences were
identified by BLAST.
Food Preparation
Bacto agar, yeast extract (YE), and tryptone (#211705) were from BD Diag-
nostic Systems; dry active yeast and cornmeal from LabScientific; and
Drosophila enclosures (8 oz. round bottom bottles or 25 3 95 mm vials, poly-
propylene) and plugs (Droso-Plugs) fromGenesee Scientific. All other reagents
were from VWR International or Fisher Scientific.
For lifespan studies, 0.1% or 0.5% YE was used in a base medium of 5%
sucrose, 8.6% cornmeal, 0.5% agar, 0.4% propionic acid, and 0.035% phos-
phoric acid. Diets for the survival curves in Figure S4A did not include corn-
meal. Methylparaben (p-hydroxybenzoic acid methyl ester, also called Nipa-
gen M or Tegosept) supplementation consisted of 0.3% (w/v) of the additive
in the absence of propionic and phosphoric acids. All foods were autoclaved
at 121C for 30 min and acids or methylparaben were added after cooling to
<65C. Food was dispensed into pre-autoclaved vials (2 ml/vial). Calculated
dietary protein provided by microbes was based on the expected protein
composition of yeast (live yeast non-water weight = 31% [Alcazar et al.,
2000], dry yeast protein content = 38% [NutritionData.com], mass = 80 pg/
cell [Haddad and Lindegren, 1953]: 80 pg/cell 3 31% 3 38% = 9.42 pg pro-
tein/cell).
Generation of Axenic and Microbe-Associated Flies
Axenic (germ-free) flies were generated by bleach treatment of embryos, as
described previously (Bakula, 1969; Brummel et al., 2004). Collections of em-870 Cell Reports 10, 865–872, February 17, 2015 ª2015 The Authorsbryos (<12 hr old) were dechorionated for 20 min in 3% sodium hypochlorite
(50% v/v regular bleach), rinsed in 70% ethanol for 5 min, and then washed
three times with 1 3 PBS + 0.01% Triton X-100. Sterile embryos were trans-
ferred into autoclaved food bottles (500 embryos/bottle) in a laminar flow cab-
inet. Axenic conditions were confirmed by (1) 16S rRNA gene PCR of DNA
extracted from whole fly homogenate or (2) plating the homogenate on MRS
agar periodically throughout life, which we found to be more sensitive than
PCR for detecting microbial contamination. In a typical PCR, DNA was ex-
tracted from three flies and 1/17 fly equivalent was used per sample. Plating
of swabs from spent vials or homogenates frommonoxenic flies showed a sin-
gle colony morphology in all studies shown, consistent with a lack of microbial
contamination between studies. First-generation axenic flies were used for all
experiments in this study.
To generate monoxenic flies that were associated with microbes as adults,
germ-free flies (typically 3–5 days old) were transferred to axenic food vials
containing microbial cultures (50 ml; OD600 = 1.0, corresponding to 5 3 105
CFU I. orientalis). This generally marked ‘‘day 0’’ for all studies. I. orientalis
was cultured overnight in MRS broth at room temperature without shaking.
Heat-killed microbes were prepared by autoclaving at 121C for 30 min and
storing aliquots at 20C.
Lifespan Assay
Flies were developed on autoclaved standard medium. Axenic or monoxenic
adult males (3–5 days old) were collected under mild CO2 anesthesia and
randomly transferred to experimental diets (20–25 flies/vial). Flies were main-
tained at 25C under controlled light (12/12-hr light/dark cycle) and humidity
(60%). Transfers to fresh food typically occurred every 3–4 days; dead flies
were scored at least as often. All fly manipulations were conducted by aseptic
technique. Axenic conditions were verified periodically by 16S rRNA gene PCR
and/or plating swabs from the interior of spent fly enclosures on richmedia and
confirming the lack of microbial colonies. Statistically significant differences
between survival curves and median lifespan were determined by log rank
test and Fisher’s exact test, respectively (Yang et al., 2011).
Microbial Load Measurements
To measure microbial load in the fly environment, spent food vials were rinsed
with 1 ml 1 3 PBS. Microbe counts were determined by serial dilution plating
on MRS agar. To measure microbial load in the fly body, flies were surface-
sterilized with 70% ethanol for 1 min and then washed three times with sterile
13 PBS. Single whole flies were homogenized in 100 ml 13 PBS bymotorized
pestle for 10 s. Microbe counts were determined by serial dilution plating on
MRS agar.
Nutrient Flux Measurements
Axenic 2–3 days old Dahomey males (10/vial) were maintained on nutritious
food (lifespan diet described above, but with 5%YE) for 3 days and habituated
on undernutrition food (unlabeled 0.1% YE lifespan diet) for 1 day before being
transferred to the radiolabeled, experimental diet. Radiolabeled food (0.1%
YE) was supplemented with one of the tracers (0.5 mCi [35S]-methionine,
[14C]-leucine, or [14C]-sucrose or 1 mCi [a-32P]-dCTP per ml food). Microbes
(53 105CFU I. orientalis/vial) were inoculated onto radiolabeled food and incu-
bated for 4 days at 25C before the assay was initiated by adding axenic flies.
Control medium was not inoculated with microbes. After 24 hr of feeding, flies
were collected and frozen. Flies on food labeled with [a-32P]-dCTP were
directly assayed by liquid scintillation (5ml ScintiVerse BDCocktail, Fisher Sci-
entific) in a multipurpose scintillation counter (LS 6500, Beckman Coulter). All
other flies were homogenized in 100 ml of 1% SDS before transferring to vials
for liquid scintillation (Carvalho et al., 2006; Deshpande et al., 2014; Ja et al.,
2009). The contribution of microbes to fly nutrient accumulation was deter-
mined by comparing the amount of radioactive tracer in flies feeding on
microbe-associated food with that in flies fed axenic medium. Data were
tested for being normally distributed and the appropriate test—Student’s
t test or Mann-Whitney rank-sum test—was then used.
Microbial accumulation of radioisotopes was determined by rinsing spent
vials with 1 ml of ddH2O and measuring a 100 ml aliquot by liquid scintillation.
Fold-change was calculated over the average of axenic controls. Labeled mi-
crobes were also counted by serial dilution plating on MRS agar. Radiotracer
accumulation per CFU was calculated and, in combination with fly radiotracer
measurements, the equivalent CFU of I. orientalis accumulated in flies could be
determined.
To measure the tissue distribution of radioisotope, dissected guts and re-
maining fly carcass were assayed separately by liquid scintillation. Gut tissues
damaged during dissection were excluded from analysis. Dissection tech-
niques were validated in parallel experiments using a non-absorbable dye
(FD&C Blue #1) and ensuring no leaching of dye from dissected guts.
Food Intake Measurement
Feeding assays were performed essentially as described using a radioactive
tracer as a food label (Carvalho et al., 2006; Deshpande et al., 2014; Ja
et al., 2009). Briefly, adult males (20 flies/vial) were maintained on 0.1% YE
food with or without I. orientalis for 1 day and then transferred to the 0.1%
YE diet supplemented with 1 mCi [a-32P]-dCTP per ml food. After 24 hr of
feeding, flies were frozen and assayed in 5 ml of scintillation fluid (ScintiVerse
BD Cocktail, Fisher Scientific) in an LS 6500 Multi-Purpose Scintillation
Counter (Beckman Coulter). Scintillation counts of aliquots of non-solidified
food with radioactive tracer were used to calculate total food intake. Liquid
food intakewasmeasured using the CAFE assay, performed as described pre-
viously (Deshpande et al., 2014; Ja et al., 2007) using 0.1% YE + 5% sucrose
without cornmeal, which is not soluble and therefore excluded in CAFE trials.
Capillaries were replaced every 12 hr.
Metabolic Assays
Flies collected under CO2 anesthesiaweremassed in pre-weighed tubes using
a Voyager Pro balance (VP64CN, OHAUS Corporation), frozen immediately on
dry ice, and then homogenized in batches of six males in 750 ml of 0.05%
Tween-20 using a motorized pestle for 10 s. Homogenates were heat-inacti-
vated at 95C for 5 min and clarified by centrifugation (1,800 3 g for 2 min)
at room temperature. Supernatants were then used in the various assays.
Free glycerol and total triglyceride (TAG) content were determined using
25 ml of homogenate (1/5 fly equivalent) with 80 ml of Free Glycerol Reagent
(Sigma-Aldrich) followed by addition of 20 ml of Triglyceride Reagent (Sigma-
Aldrich). Concentrations were quantified based on the absorbance at
535 nmusing glycerol as a standard. TAG content was obtained by subtraction
of the glycerol concentration from the total TAG concentration. Protein was as-
sessed from 20 ml of homogenate (1/6.25 fly equivalent) mixed with 150 ml of
660 nm Protein Assay reagent (Thermo Fisher Scientific). Concentrations
were quantified based on absorbance at 620 nm and comparison to a BSA
standard curve. Glucose and glycogen content were determined according
to manufacturer’s instructions using either 2.5 or 5 ml of homogenate (1/50
or 1/25 fly equivalent, respectively) and 50 ml of Reaction Mix (Glycogen Assay
Kit, BioVision). Trehalose content was determined by adding trehalase
(0.002 U per 50 ml reaction, Sigma-Aldrich) instead of the kit’s glucoamylase
and incubating at 37C overnight. Concentrations were quantified based on
absorbance at 560 nm using a glycogen standard. All spectrophotometry
used a 2104 EnVision plate reader. Measurements were normalized to a single
fly equivalent and then to body mass.
ATP content was determined with the ATP Determination Kit (Life Technol-
ogies). Three adult flies were collected under CO2 anesthesia and immediately
homogenized in 150 ml of ATP assay buffer (6 M guanidine-HCl, 100 mM Tris,
4 mM EDTA [pH 7.8]) using a motorized pestle for 10 s. The homogenate was
clarified by centrifugation (15,0003 g for 3 min) at room temperature and then
the supernatant was diluted with ddH2O. Aliquots (10 ml) of a 1:1,000 diluted
homogenate (1/5,000 fly equivalent) were combined with 100 ml of reaction
mix. ATP concentration was quantified based on luminescence using an
ATP standard and a 2104 EnVision plate reader. ATP content was normalized
to the number of flies.
For each measurement, differences were determined by two-way ANOVA
with Bonferroni post-test for multiple comparisons (Prism v5.04).
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